ABSTRACT
In this study, we explored whether topical application of antibodies targeting tumor necrosis factor-a (TNF-a) or interleukin-6 (IL-6) conjugated to hyaluronic acid (HA) could reduce the extension of necrosis by modulating inflammation locally in a partial-thickness rat burn model. Partial-thickness to deep partial-thickness burn injuries present significant challenges in healing, as these burns often progress following the initial thermal insult, resulting in necrotic expansion and increased likelihood of secondary complications. Necrotic expansion is driven by a microenvironment with elevated levels of pro-inflammatory mediators, and local neutralization of these using antibody conjugates could reduce burn progression. Trichrome-stained tissue sections indicated the least necrotic tissue in (anti-TNF-a)-HA-treated sites, while (anti-IL-6)-HA-treated sites displayed similar outcomes to saline controls. This was confirmed by vimentin immunostaining, which demonstrated that HA treatment alone reduced burn progression by nearly 30%, but (anti-TNF-a)-HA reduced it by approximately 70%. At all time points, (anti-TNF-a)-HA-treated sites showed reduced tissue levels of IL-1b compared to controls, suggesting inhibition of a downstream mediator of inflammation. Decreased macrophage infiltration in (anti-TNF-a)-HA-treated sites compared to controls was elucidated by immunohistochemical staining of macrophages, suggesting a reduction in overall inflammation in all time points. These results suggest that local targeting of TNF-a may be an effective strategy for preventing progression of partial-thickness burns.
Burns are unique among acute injuries in the progressive nature of tissue necrosis following the initial insult. The initial injury induces a central zone of coagulation, a region of irreversible tissue loss due to protein denaturation and cell death. 1 Over the course of several days, the surrounding zone of stasis experiences continuing and potentially irreversible necrotic conversion that expands wound size and depth, leading to delayed healing and increased likelihood of secondary complications and patient morbidity. 2, 3 Early interventions to modify the pathophysiological environment, thereby abating tissue destruction in the zone of stasis, could potentially reduce the extent of burn injury, and hence offer clinical relevance. 4 Thermal trauma induces significant tissue damage, leading to tissue ischemia, edema, and the release of oxidizing agents, which further extend the tissue injury. 5 Burned tissue is often described as being in a cytotoxic and degenerative state. 6 Several inflammation-mediated mechanisms for continued tissue destruction have been proposed, such as oxidative stress, cell death, hypoperfusion, and vasodilation, leading to tissue ischemia and necrosis. 7 Abnormal levels of proinflammatory mediators, such as tumor necrosis factor alpha (TNF-a), interleukin-1b (IL-1b), and interleukin-6 (IL-6), have been reported both systemically and locally in burn patients, which suggest that these mediators may be centrally involved in establishing the pathophysiological environment of burns.
In this study, we investigated the effects of inhibiting two of these pro-inflammatory mediators: TNF-a and IL-6. TNF-a is known to signal a host of downstream inflammatory mediators, including IL-6, 8 and neutralizing this target could effectively modulate the resultant complex inflammatory cascade. TNF-a activates keratinocytes and macrophages to release reactive oxygen species (ROS), which can induce free radical damages. [9] [10] [11] Increases in inducible nitric oxide synthase, IL-1b, and prostanoids, all downstream effects of TNF-a up-regulation, can differentially promote vasodilation or vasoconstrictions, [12] [13] [14] while TNF-a itself can induce endothelial permeability. [15] [16] [17] TNF-a-induced prostaglandins can also increase the risk of hypoperfusion in burn wounds. 14 Ultimately, these pathological mechanisms may lead to necrotic tissue formation and increase the severity of injury.
In contrast, IL-6 is a pleiotropic cytokine with a broad spectrum of pro-and anti-inflammatory activities in the burn site, also making it a strong candidate for cytokine neutralizing therapy. It is produced by T cells, B cells, monocytes, 18, 19 The general physiological functions of IL-6 are complex; IL-6 induces T-cell proliferation and cytotoxic T-cell differentiation, and terminal macrophage differentiation, making it important in a broad range of inflammatory settings. 20 The concentration of circulating IL-6 can be elevated in burn and septic patients 100-fold, 21 and it is thought to be a central biochemical mediator in responses to trauma. It has gained attention as a therapeutic target to modulate post-trauma symptoms and increase survival rates. 22 Studies have found that excessive and prolonged circulating levels of IL-6 have decreased survival rate, 23, 24 and progressive decline of IL-6 levels after 3 days of initial burn increases the chance of recovery in severely burn patients. 25 Although it is still unclear where the excess IL-6 is produced, Chang and coworkers have suggested that the production of IL-6 is influenced by some factors released in the local burn tissue. 26 Modifying the inflammatory microenvironment through modulation of these cytokines, or the resultant activated immune cells, is therefore an appealing therapeutic strategy to rescue viable tissue from burn pathogenesis. In a rat model, topical application of inhibitor of p38MAPK, a potent stimulator of pro-inflammatory cytokine production and promoter of apoptosis, on burn injuries has shown significant reduction of local TNF-a, IL-1b, and IL-6 expression, attenuation of dermal neutrophil sequestration, and a lower level of hair follicle cell apoptosis within 24 hours of the initial burn injury. 27 Intravenous injection of semapimod, a selective inhibitor of macrophage activation, 1 hour after burn in a swine model reduced depth of cellular necrosis and thrombosis, resulting in faster reepithelialization. 28 These studies have successfully demonstrated that early intervention of inflammatory modulation can potentially halt burn wound progression, but developing a targeted method for accomplishing this without significant risks of systemic complications has not been achieved.
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In order to achieve targeted modulation of the inflammatory microenvironment, we have conjugated TNF-a or IL-6 neutralizing antibodies with high-molecular-weight hyaluronic acid (HA), and applied these materials topically in a rat deep partial-thickness burn model. Rats were chosen for this study because it was possible to obtain commercial rat antimouse antibodies that are species-matched, avoiding potential complications associated with immunological responses to unmatched antibodies. 29 These cytokines were targeted because of their established importance in burn etiology, and antibody conjugation to high-molecular-weight polysaccharides provides a means for inhibiting inflammatory responses at the site of injury. 30 HA has been shown to promote wound healing in chronic wounds and other compromised tissues, 31 and synergistic effects with cytokine-neutralizing antibodies may be anticipated. In this study, we compared the effects of locally inhibiting TNF-a, a potent upstream promoter of inflammation, with inhibiting IL-6, a downstream mediator of inflammation that is known to be important in burn etiology but has a range of functions bridging pro-and antiinflammatory responses. The hypothesis of this study was that localized neutralization of TNF-a, an early mediator of inflammation, would be more effective at inhibiting burn progression than localized neutralization of IL-6, a late mediator of inflammation.
MATERIALS AND METHODS

Materials
HA (Mw = 1.6 MDa) and 4-(dimethylamino)pyridine were purchased from Sigma-Aldrich (St. Louis, MO) and used as received. N-hydroxysulfosuccinimide sodium salt and N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC) were purchased from Pierce (Rockford, IL). AntirTNF-a and anti-rIL-6, both from purified mouse monoclonal IgG, were purchased from R&D Systems, Inc. (Minneapolis, MN). All reagents were reconstituted and stored according to the manufacturer's instructions.
Monoclonal antibody conjugation to HA
The conjugation chemistry followed a method previously developed in our laboratory. Briefly, HA (12 mg) was modified with an active ester group, followed by addition of antirTNF-a or anti-rIL6 mAb (1 mg), as shown in Figure 1 . The coupling reaction proceeded at 4°C overnight. The product was dialyzed (MW cutoff 300 kDa, Next Group, Southborough, MA) against pure phosphate buffered saline solution (PBS) for 24 hours with four changes of PBS solution at 4°C. The final product consisted of roughly 1% (w/v) HA solution. In order to achieve a higher viscosity of solution that is more suitable for open wound applications, conjugate solution was made to contain 5% HA by mixing three parts of the conjugate product with four parts of 8% HA solution, and the final concentration of the cytokine-neutralizing antibody is roughly 400 mg/mL. A control of 5% HA solution was also prepared. ) and isoflurane (2-5% in O2 via facemask) given to effect anesthesia. Buprenorphine (0.1 to 0.2 mg/kg) was provided at 12 and 24 hours postsurgery and continued as necessary upon the observation of signs of continued pain based on clinical assessment, using the pain/distress assessment scoring sheets. A commercially available soldering unit was used as a controlled heat source. The soldering iron was modified by welding a 17-mm diameter, 2.5 mm-thick brass disk on the tip and weighted with 500 g to induce sufficient pressure for efficient heat transfer. The noncontacting side of the disc was connected to a thermal coupler to monitor the actual temperature of the disk, as shown in Figure 2A . Burn injuries were induced on the back of shaved, anesthetized adult male Sprague-Dawley rats with masses ranging from 230 to 250 g (n = 4). The brass disc was heated to 85°C, stabilized for 2 minutes, and the burn injury inflicted by placing the brass disc on the skin for 10 seconds.
Consistency of wound depth was assessed in separate preliminary experiments using collagen IV immunostaining to verify the reproducibility of deep partial-thickness burns at the sites (data not shown). 1, 32 Eschar was surgically removed following the circumference of the nonviable tissue the next day using surgical scissors taking extreme care to only debride the necrotic tissue and not cause further injury, and was done blinded to the treatment specification until after the procedure was complete. Surgical debridement is a very common technique in burn wound care to prevent infection and aid healing because it is simple and selective. Burn depth was visually assessed after eschar removal to ensure the consistency of the injury. The viable tissue underneath was exposed and the treatments were applied immediately after. The procedure is shown in Figure 2B -E.
Rats were randomized for different treatments and different time points. Eschar removal date was defined as day 0, at which point the first 200 mL treatment was applied. The wounds were dressed with commercially available Tegaderm™ and sealed with Vetbond (3M, St. Paul, MN), and remained moist throughout the experiments with no further loss of tissue observed in dressing changes. Treatments were applied at day 0, 2, and 4, and rats were euthanized on days 1, 4, or 7 providing tissue samples from rats that received 1, 2, or 3 treatments, respectively. The tissues were sectioned into three: one was fixed with 10% formaldehyde for histology analysis, another was flash frozen in tissue embedding media for further sectioning and immunohistochemistry, and the other was stored in RNAlater solution (Ambion, Austin, TX) at 4°C overnight, followed by long-term storage at -80°C.
Extraction of tissue cytokines
The RNAlater-preserved tissues were cut into approximately 0.1 g pieces that were then homogenized in 600 mL of T-PER Tissue Protein Extraction solution (Thermo Scientific, Rockford, IL), a mild detergent, for total protein extraction. Homogenates were centrifuged at 10,000 rcf for 5 minutes to remove large tissue particles. The resulting supernatant was removed and stored at -80°C. The burn unit was assembled with a modified soldering unit that provided heat energy for a Ø17 mm brass disk. In order to provide consistent pressure against skin, the burn unit was weighted 500 g, and the brass disk was connected to a thermometer to monitor the actual temperature of the unit. (B) A representative image of a shaved rat skin that just underwent 10 seconds of contact with an 85°C brass disk. (C) After 24 hours, the burn area has developed into an eschar. (D) The eschar was surgically removed and the underlying skin tissue was exposed. (E) Treatments were applied and the wounds were dressed with Tegaderm™ (3M).
Total protein and enzyme-linked immunosorbent assays from burn tissue
The supernatants were thawed and quantitatively assayed for total protein concentrations using the Pierce BCA Protein Assay kit (Thermo Scientific). For this assay, samples were diluted 1 : 20 in PBS. The assay was carried out according to the kit's procedure with a 1 : 8 ratio of diluted sample to BCA working reagent and analyzed by SAFIRE microplate reader (SAFIRE, San Jose, CA) with absorbance set at 562 nm. Enzyme-linked immunosorbent assays (ELISA) for IL-1b concentrations from tissue extracts were done using the respective Quantikine Rat ELISA kits (R&D Systems) using a 96-well plate reader. Assay samples for IL-1b were diluted according to procedure at dilutions of 1 : 10. All assays were done according to the kit procedures and analyzed at 562 nm with a 549 nm correction. The resulting total protein and cytokine concentrations were verified by using internal controls with a known concentration of the target protein, supplied with each kit. Curve fitting to the standards was used to express the concentration of both total protein and cytokines in the tissue samples in pg/mg protein.
Histological and immunohistochemical staining
The explanted burn site specimens were mounted on glass slides and embedded in paraffin, then subsequently deparaffinized with xylene followed by a graded series of ethanol solutions (100-70%). Sections were then stained with Masson's trichrome using a microwave staining protocol (Richard-Allen Scientific, Kalamazoo, MI) for morphological assessment. The slides were then cleared and dehydrated using the reverse of the deparaffinization treatment described above prior to coverslip mounting. Following deparaffinization, the slides were immersed in citrate antigen retrieval buffer (10 mM citric acid monohydrate, pH 6.0, Spectrum, Gardena, CA) that was then brought to a boil (95-100°C) for 20 min. The buffer was allowed to cool and the slides were then washed twice in TRIS-buffered saline-Tween 20 (Trizma Base, Tween 20, Sigma) solution (pH 7.4) and twice in PBS. The tissue sections were encircled with a hydrophobic barrier pen and were incubated in T20 blocking buffer (Pierce) for 1 hour at room temperature in a humidified chamber to inhibit nonspecific binding of the primary antibody. Following incubation in blocking serum, the sections were incubated in primary antibody, mouse anti-rat CD68 (Serotec, Raleigh, NC), diluted to 1 : 100 in PBS, in a humidified chamber at 4°C overnight. Following the overnight incubation, the slides were washed three times in PBS. Sections were then incubated in a solution of 3% H2O2 in methanol for 20 minutes at room temperature to quench endogenous peroxidase activity. The slides were washed three times in PBS before incubation in secondary antibody, biotinylated horse anti-mouse IgG (Vector, Burlingame, CA), diluted 1 : 150 in PBS for 1 hour in a humidified chamber at room temperature, and then subjected to three more washes in PBS. The sections were then incubated in Vectastain ABC (Elite ABC kit, Vector) reagent for 30 minutes in a humidified 37°C chamber, again rinsed three times in PBS, and incubated in 4% diaminobenzadine substrate solution (DAB substrate peroxide kit, Vector) at room temperature. The slides were rinsed in water to stop the development of the diaminobenzadine substrate and counterstained using Harris hematoxylin stain (Vector). The slides were then dehydrated using the reverse of the deparaffinization treatment described above prior to cover slipping. Each PBS rinse in the protocol was for 3 minutes at room temperature, with occasional agitation.
Immunohistochemical analysis
The immunostained slides were examined and imaged using a Leica DM IL LED microscope (Germany). The CD68-stained images were then evaluated quantitatively in a blinded fashion by two independent investigators (MR and JP). Quantitative analysis was performed by counting the number of immunopositive cells in three matched microscope fields at 20¥ magnification. The number of positive stained cells was then averaged to obtain the final results. The vimentin-stained images were quantified in two separate rounds of blinded analysis, and the average thickness of the necrotic tissue was measured at three different regions of the burn wounds: the two edges and the center. The measurements were then averaged for the final results.
Statistical analysis
One-way analysis of variance was performed for ELISA, vimentin measurements, and macrophage counts using Minitab statistical software. Data were log transformed in order to pass a normality test for ELISA and vimentin measurements. Dunnett's and Tukey's methods were used as the post-tests to determine which groups were significantly different from saline control and from each other, respectively.
RESULTS
Evaluation of trichrome staining: gross appearance of the burn site
Trichrome images of the burn tissue treated with saline, HA, (anti-IL-6)-HA, and (anti-TNF-a)-HA were examined to evaluate gross appearance of the wound and the effect of treatments on the healing progression, as shown in Figure 3 . The apical surface of the wound bed was created by eschar removal 1 day following primary injury. Newly formed granulation tissue started to appear underneath the intact dermis, and significant amounts of granulation tissue were observed in (anti-TNF-a)-HA-treated wounds on day 7. A unique layer of tissue, stained in red, can be identified above the wound edges at later time points. This intensely stained layer of tissue, which was postulated to be the dermal tissue that had undergone secondary necrosis after burn, grew significantly under most of the treatments, shown on the day 7 images, except (anti-TNF-a)-HA treatment group. In spite of the growing necrosis, granulation tissues occupied most of the defect zone in HA-treated burn wounds, while saline-and (anti-IL-6)-HA-treated wounds have shown less granulation tissue formation.
Vimentin immunohistochemistry and necrotic tissue quantification
In order to investigate further the extent of necrosis, vimentin immunostaining was utilized to visualize viable tissues, and Masson's trichrome images of the edges of the burn site arranged according to treatments and time points. All images are at 4¥ magnification. Clear excision lines are present in the day 1 images, and some evidence of microthrombosis caused by the initial burn is visible, especially in images of saline controls. Granulation tissues start to appear 4 days after eschar removal in the deep dermal region. By day 7, granulation tissue has grown to fill most of the defect space in HA-and (anti-TNF-a)-HAtreated sites, while saline and (anti-IL-6)-HA-treated wound sites seem to display slower granulation tissue formation. On day 4, a layer of necrotic tissue on the surface of the wounds is observed in most of the wound sites, and on day 7, necrosis has grown significantly particularly in saline, HA, and (anti-IL-6)-HA-treated burn sites. In several instances, this layer of necrosis is separated from the underlying healthy tissue during histology process. (*necrosis; #granulation tissue).
nonstained regions were identified as necrotic. Vimentin is a cytoskeletal protein that Nanney and coworkers established as a marker for viable tissue at burn sites. 33 In Figure 4 , a dashed line was carefully drawn in each image to indicate the approximate separation of healthy dermis and nonviable tissue. There was no visual evidence of necrosis in the images of day 1 samples, due to the eschar removal the day before. However, the growing depth of nonviable tissues is clearly Dashed lines represent the separation of necrosis and viable tissue. On day 1, there is no visible evidence of necrosis, due to the excision of eschar the day before. On day 4, a layer of non-stained tissue is observed, suggesting that wound progression has penetrated into the deeper layer of skin. On day 7, the size of the necrosis is significantly smaller in (anti-TNF-a)-HA-treated wound sites than that under other treatments.
(anti-TNF-a)-hyaluronic acid conjugates Sun et al. observable in the images of day 4 and day 7 in all treatment groups, except (anti-TNF-a)-HA. The thickness of necrotic tissue was measured manually by two personnel on blinded samples, and average thickness of three different locations, two on each of the edges and one on the center of the burn, on each tissue slide was reported in Figure 5 . On day 7, the difference in thickness of necrotic zones from (anti-TNF-a)-HA-treated group was significantly lower than in any other group (p = 0.001).
Tissue cytokine concentration
Proteins in the local burn tissue were extracted from RNAlater-preserved tissue. ELISA assays were performed to measure the tissue concentration of IL-1b in pg/mL, which was then converted to pg IL-1b/mg total protein. IL-1b is centrally involved in inflammatory responses, making it a good marker for the overall state of inflammation following burn injury. 34 Measured IL-1b concentrations are shown in Figure 6 . IL-1b expression was significantly suppressed by (anti-TNF-a)-HA treatments compared to saline on day 4 (p < 0.05) and day 7 (p < 0.05). IL-1b concentrations trend lower in (anti-TNF-a)-HA-treated burn wounds compared to HA treatment on day 4 and 7 as well, with HA treatments also showing a trend toward decreased IL-1b levels compared to saline only on day 1. However, (anti-IL-6)-HA treatments did not have significant effect on IL-1b expression, beyond a less robust and nonsignificant decrease compared to saline on days 1 and 4, suggesting that neutralization of IL-6 had little effect on the overall inflammatory microenvironment.
Macrophage infiltration
In order to investigate further the anti-inflammatory effects of the cytokine-neutralizing HA conjugates, paraffin-embedded tissue sections were stained for a pan-macrophage marker, CD68. 30 High-power images (20¥) were taken at the subcutaneous regions at the wound edges, shown in Figure 7 , and the numbers of positively stained cells and nonstained cells were counted in a blinded manner by three independent personnel. The results from quantification are shown in Figure 7E . (Anti-TNF-a)-HA-treated wound sites have clearly demonstrated a reduction of macrophage numbers throughout the experimental duration (day 1: p < 0.001, day 4: p < 0.05, day 7: p = 0.005). Interestingly, HA-treated sites did not have measurably different numbers of CD68+ cells compared to saline treatment. This contrasts with the results observed in the treatment of incisional wounds with HA, for which we observed a significant increase in numbers of recruited macrophages. 30 In addition, (anti-IL-6)-HA-treated injury sites did not demonstrate any observable effect on the number of CD68+ cells at the burn site, suggesting that neutralization of this cytokine did little to reduce the state of inflammation at burn sites.
DISCUSSION
In this research, we compared the effects of locally inhibiting TNF-a and IL-6 in a rat partial-thickness burn model, and the results indicate that modulating the activities of a cytokine at the apex of the signaling cascade (TNF-a) was more effective in reducing necrosis than targeting a downstream mediator (IL-6) in the context of burn wound healing.
There are conflicting reports on the levels of TNF-a following burns, primarily because the baseline serum levels in healthy patients are low (< 1 pg/mL) and only increase by a factor of 5 in the first week following burns. 21 Nevertheless, it is known that TNF-a is a potent stimulator of inflammation and occupies a central position in the inflammatory cascade, being among the first inflammatory response molecules to be up-regulated following injury and stimulating the production of numerous downstream mediators that are measured in burn sites. 36 Some of the most successful drugs currently marketed are based on TNF-a inhibition 35 and are used to treat a broad range of inflammatory conditions, such as psoriasis, rheumatoid arthritis, and inflammatory bowel disease. That each of these widely varying disease states can be treated through inhibition of the same signaling protein speaks to the fundamental importance of TNF-a in inflammatory processes. Effects of mediating inflammation in burn wounds, specifically through local TNF-a inhibition, have yet to be thoroughly explored. Our data support a first insight into yet another disease state that can potentially be treated through inhibition of TNF-a.
In contrast to TNF-a, IL-6 increases measurably in burn patients. 34 Signaling by IL-6 can support inflammatory responses, such as recruitment of mononuclear cells, and inhibition of T-cell apoptosis and Treg differentiation. 37 It is also known to play a central role in anti-inflammatory signaling, in some settings even inhibiting TNF-a 19, 38 and stimulating interleukin-1 receptor antagonist and interleukin-10 production. 39, 40 It is further downstream in the signaling cascade and thought to be a bridge between inflammation and healing. The pleiotropic nature of IL-6 may provide only a small therapeutic window to which inhibition of the cytokine would produce an effective anti-inflammatory effect. In light of this, it may not be surprising that we saw no measurable effect in IL-1b levels and amounts of necrotic tissue in (anti-IL-6)-HAtreated wounds.
Pathogenic inflammation leads to increased blood vessel permeability and increased levels of blood vessel damaging ROS. 22, 41 Degeneration of blood vessels and capillaries occurs through several mechanisms in burn wound etiology related to pro-inflammatory mediators such as TNF-a and IL-6. 4, 42 TNF-a is considered to be a more potent pro-inflammatory cytokine than IL-6, though, and is capable of inducing a wide variety of factors that leads to subsequent pathology. This was observed histologically, where blood vessels had a dramatically different visual appearance after injury, suggesting that these are signs of vasodilation or blood clots. Furthermore, damage to blood vessels appeared to be minimized by the treatment with (anti-TNF-a)-HA but not by (anti-IL-6)-HA.
Cellular contributions to wound progression include neutrophil and macrophage dysfunctions. Neutrophils are attracted to the injury site with increasing expression of adhesion molecules stimulated by pro-inflammatory cytokines and abundant chemotactic signals in the wound. 43 Macrophages are hyperactivated post-burn, and release a host of proinflammatory mediators, which also have been suggested to lead to the down-stream immune-suppression state. 44, 45 Several studies have differentially inhibited the interaction between cell adhesion molecules and integrins and demonstrated that minimizing neutrophil and macrophage infiltration reduces wound progression. 46 ,47 TNF-a is a potent activator of endothelial cells to induce expression of cell adhesion molecules, and modulating the activities of TNF-a has shown to decrease macrophage infiltration, 30 which supports our data indicating lower CD68 macrophage counts in (anti-TNF-a)-HA-treated rats. As previously mentioned, modulating acute inflammation using p38MAPK inhibitor was shown to be effective in reducing cellular apoptosis, 27 but the long-term effect of such treatment was unclear. Singer and coworkers have also demonstrated 30% reduction in depth of hair follicle necrosis after systemic delivery of semapimod in a pig model, 28 while systemic delivery of curcumin has shown a positive effect in reducing burn wound progression by 50% in a rat comb burn model 7 days after initial burn. 48 However, systemic delivery of anti-inflammatory agents in a burn patient increases the risk of secondary complications, and local delivery of TNF-a neutralizing agent from a HA delivery vehicle has reduced necrosis by up to 70% post-burn in a rat model. In addition to providing a means of local delivery, we believe that there may be synergistic effects on healing between HA, the degradation products of which are known to function as damageassociated molecular patterns and the TNF-a antibody. This will be explored further in subsequent studies.
Localized neutralization of TNF-a with antibodypolysaccharide conjugates is an appealing strategy for locally controlling the inflammatory processes associated with burn progression. Our results suggest that inhibition of a central, upstream mediator of inflammation is more effective than downstream cytokines, such as IL-6. The doses used in these studies followed the antibody doses used in our previous study on reducing inflammation in incisional wounds. 30 While many of the systemic side effects associated with TNF-a inhibitors can be avoided with this approach, there is still clearly an increased risk for infection at injury sites, although none have been observed in either incisional or burn studies thus far. Understanding the dose-response behavior at a fundamental level will be critical for evaluating the potential clinical efficacy of these materials.
